Myoglobin is an a-helical globular protein containing two highly conserved tryptophanyl residues at positions 7 and 14 in the N-terminal region. The double W/F replacement renders apomyoglobin highly susceptible to aggregation and amyloid-like fibril formation under physiological conditions. In this work we analyze the early stage of W7FW14F apomyoglobin aggregation following the time dependence of the process by far-UV CD, Fourier-transform infrared (FTIR) spectroscopy, and hemebinding properties. The results show that the aggregation of W7FW14F apomyoglobin starts from a native-like globin state able to bind the prosthetic group with spectroscopic properties similar to those observed for wild-type apoprotein. Nevertheless, it rapidly aggregates, forming amyloid fibrils. However, when the prosthetic group is added before the beginning of aggregation, amyloid fibrillization is inhibited, although the aggregation process is not prevented. Moreover, the apomyoglobin aggregates formed in these conditions are not cytotoxic differently from what is observed for all amyloidogenic proteins. These results open new insights into the relationship between the structure adopted by the protein into the aggregates and their ability to trigger the impairment of cell viability.
The propensity to form amyloid fibrils is now believed to be a generic property of the polypeptide chain and varies from protein to protein depending on the experimental conditions used to perturb the native structure (Chiti et al. 1999; Ramirez-Alvarado et al. 2000; Fandrich et al. 2001; Dobson 2003) . It has been postulated that the generic amyloid conformation, the cross-b-structure, may be a universal, energetic minimum for aggregated proteins (Dobson 2001; Jahn and Radford 2005) . Once formed, amyloid fibrils are extremely stable and difficult to solubilize (Smith et al. 2003) . The insoluble amyloid structures originate from small water-soluble oligomeric species containing few monomeric units, each not bonded covalently to its neighboring units. It is widely accepted that these oligomeric soluble species are implicated in the toxic process (Kayed et al. 2003) .
Whether all non-native, fully or partially folded states of proteins can form amyloid fibrils is still not clear, although it has been indicated that specific denatured states are critical in amyloid formation Fink 2001, 2004; Smith et al. 2003; Plakoutsi et al. 2004; Marcon et al. 2005) . In this study, we used the amyloidforming W7FW14F apomyoglobin to investigate the conformational state that precedes the formation of highly organized amyloid fibrils under conditions in which the wild-type protein maintains a folded structural state in an attempt to understand the molecular events underlying protein aggregation. Myoglobin is a highly soluble globular protein whose native state properties, i.e., the overall a-helical structure, do not lead us to hypothesize any predisposition to forming amyloid fibrils. In fact, most of its amino acid sequence is organized in welldefined a-helices with few or no elements of b-sheets (Evans and Brayer 1988) . Recently, we have shown that the apomyoglobin mutant W7FW14F at physiological pH and room temperature forms amyloid fibrils by a population of prefibrillar granular aggregates in about 15 d (Sirangelo et al. 2002 (Sirangelo et al. , 2004 . These fibrils share several morphological, structural, and tinctorial features typical of amyloids, including increased thioflavin T fluorescence and yellow-green birefringence under cross-polarized light upon Congo Red binding. Atomic force microscopy (AFM) of the fibrils indicated an average fibril diameter of about 3-5 nm and a length of >1000 nm . Insight into their secondary structural organization was obtained from CD analysis. The spectrum was consistent with that observed for proteins having a b-sheet-rich structure. The estimated percentages of secondary structure were: a 10%, b 37%, turn 22%, and unordered 31%. Similarly to what was observed with amyloidogenic proteins, mature fibrils formed by W7FW14F are not cytotoxic, whereas granular aggregates are (Sirangelo et al. 2004; Malmo et al. 2006) . Two factors appear crucial for fibril formation in the case of W7FW14F apomyoglobin: noncovalent interactions and charge effects. In particular, the increased hydrophobicity of the N-terminal segment caused by the double W!F substitution and the increased tendency to form b-strands make apomyoglobin more susceptible to aggregation (Eisenberg et al. 1984; Sirangelo et al. 2004) ; however, this is prevented at low pH because of the electrostatic repulsion. On raising the pH toward neutrality, the net charge of the polypeptide chain decreases and this favors the aggregation process.
The aim of this study is to elucidate the mechanism enabling the W7FW14F apomyoglobin mutant to form amyloid fibrils by the identification of the conformational state underlying the early events of the aggregation process. Preliminary attempts indicated that the aggregation process might involve a conformational state different both from the native state and the well-characterized partially folded state of this protein Hughson et al. 1990; Bismuto et al. 1992; Jennings and Wright 1993; Sirangelo et al. 1994; Kataoka et al. 1995) . However, the time dependence of protein aggregation and the early events of the process were not investigated in detail. The results presented in this paper indicate that, in the early stage of the aggregation process, the W7FW14F apomyoglobin mutant adopts a native-like globin fold able to bind the prosthetic group. Thus, the amyloid aggregation detected at physiological pH and room temperature cannot be ascribed to the inability to correctly fold, introduced by the double tryptophanyl substitution as previously suggested (Sirangelo et al. 2000 (Sirangelo et al. , 2002 (Sirangelo et al. , 2004 . The effect of heme on the aggregation process was also investigated. The heme binding does not prevent apomyoglobin aggregation, but the aggregates formed in these conditions do not exhibit fibrillar morphology and are not cytotoxic. This opens new insights into the correlation between structure and cytotoxicity of protein aggregates.
Results
It is generally assumed that the conformation of apomyoglobin depends on both pH and salt concentration (Hsu and Woody 1971; Bismuto et al. 1992; Sirangelo et al. 1994) . Specifically, it is native at neutral pH, partially folded near pH 4.0, and fully unfolded at pH 2.0 in the presence of very low amounts of salt. The partially folded state contains the A, G, and H helices folded as in the native conformation, whereas the rest of the molecule is essentially unfolded Hughson et al. 1990; Bismuto et al. 1992; Jennings and Wright 1993; Sirangelo et al. 1994; Kataoka et al. 1995) . In mildly acidic condition, i.e., pH 4.0, the amyloid-forming W7FW14F apomyoglobin mutant adopts a soluble, partially folded conformation similar to that of the wild-type protein, but with a slightly lower helical content. The pH increase from 4.0 to 7.0 causes protein aggregation and amyloid formation instead of resulting in the formation of the soluble native state (Sirangelo et al. 2002) .
In order to understand the molecular mechanism underlying W7FW14F amyloid fibril formation, we focused our attention on the early events of the aggregation process. The time dependence of apomyoglobin aggregation at pH 7.0 was investigated by far-UV circular dichroism. Registration of CD spectra started immediately after pH neutralization of the partially folded conformation, and spectra were then recorded in time ( Fig. 1 ). During the first 6 h of observation, the intensity of the CD signal decreased gradually, whereas the shape of the CD spectra did not change, all spectra showing the two minima at 208 and 222 nm, characteristic of an a-helical conformation. The inset of Figure 1 shows the time dependence of the molar ellipticity at 208 nm in the first 6 h of the aggregation process. The data were analyzed by fitting the experimental values to logarithmic as well as exponential functions. The best fit was obtained using a logarithmic function:
Extrapolation of the ellipticity values to t ¼ 1 sec allowed us to build the CD spectrum of the conformational state attained immediately after pH neutralization (Fig. 2) ; also shown in Fig. 2 is the spectrum recorded 15 d after the beginning of aggregation process. The spectrum is largely modified with respect to that detected at early times and, as expected, typical of polypeptide, mostly organized in the b-structure. The analysis of the extrapolated CD spectrum by CDPro algorithm (Sreerama and Woody 2000) is shown in Table 1 in comparison with that of wild-type apomyoglobin at neutral pH. It is interesting to observe that the content of the secondary structure of the amyloid-forming apomyoglobin approaches that of wild-type protein. Therefore, it is evident that in the early events of the aggregation process, W7FW14F apomyoglobin adopts a conformation similar to native wild-type protein and, only later, a transition from a-helical to b-cross-structure occurs.
Fourier transform infrared (FTIR) spectroscopy further corroborated our conclusion. FTIR spectroscopy is a sensitive and commonly used technique of monitoring the a to b transition underlying amyloid formation (Dzwolak et al. 2002 (Dzwolak et al. , 2003 Fandrich et al. 2003) . Figure 3 shows the FTIR spectra in the amide I9 region recorded immediately after pH adjustment and after 15 d from the beginning of the aggregation process. At the beginning of the aggregation process, the position of the amide I9 is at 1647 cm À1 , a wavenumber typical for proteins mostly organized in a-helical conformation (Nevskaya and Chirgadze 1976) . The spectrum recorded after 15 d shows an amide I9 maximum close to 1617 cm À1 . This value typically belongs to amyloid conformation (Zandomeneghi et al. 2004) and is identical to that found for the amide I9 of amyloid fibrils formed by wild-type apomyoglobin . It is noteworthy to mention that the shift of the amide I9 maximum is already evident after 24 h from the beginning of the aggregation process.
To better examine the native-like structural properties adopted by W7FW14F apomyoglobin in the early events of the aggregation process, we followed the holoprotein reconstitution by examining the Soret region spectral properties. Hemin was added to the amyloid-forming apomyoglobin at pH 4.0, and then the pH was raised to neutrality. Figure 4 shows the appearance of the characteristic Soret band near 410 nm when the pH was gradually raised from 4.0 to 7.0. This suggests the presence of a heme-binding region similar to that of the native wild-type protein. Figure 5 shows the CD activity in the Soret spectral region of the reconstituted amyloidforming holoprotein in comparison with the naturally expressed and reconstituted wild-type myoglobins. It is known that the optically inactive heme group acquires activity upon binding to apomyoglobin. The induced Cotton effect arises from a coupled oscillator interaction between the electronic transitions of the heme and the allowed p-p* transitions of nearby histidine, phenyl-alanine, and tyrosine side chains (Hartley et al. 1999) . The sign and the magnitude of the acquired CD activity are related to the nature of the chromophore binding site. The spectra shown in Figure 5 indicate that no difference exists between naturally expressed and reconstituted wild-type holoprotein, both spectra presenting a strong negative dichroic activity band with emission minimum centered at 409 nm, a value coincident with the wavelength maximum of the Soret absorption spectrum. The reconstituted W7FW14F holoprotein displayed a similar negative band with a slightly red-shifted minimum. Differences in the position of the Soret absorption are generally caused by polarity changes of the protein environment around the heme group. At present it is arduous to assess the origin of this shift: It could be due to an increased solvent accessibility to heme or to a different interaction between the heme moiety and the side chains of surrounding amino acids. The presence of heme does not affect the protein propensity to aggregate. We followed the time dependence of apomyoglobin aggregation at neutral pH in the presence of heme by measuring the absorbance at 280 nm of supernatant solution after centrifugation. The results are shown in Figure 6 in comparison with those obtained in the absence of the prosthetic group. It is evident that the rate of protein aggregation increases significantly when heme is added to the protein solution. The aggregation rates obtained fitting the experimental data to an exponential function as yðtÞ = y 0 + Ae Àkt were:
Additional confirmation was obtained by SDS-PAGE. Protein samples were centrifuged immediately after neutralization, and the pellet and the supernatant fractions were analyzed. The results are shown in Figure 7 . In the presence of heme, the band relative to the pellet fraction, collected at the beginning of the aggregation reaction, was more intense than that observed in the absence of heme. On the contrary, the protein band relative to the . pH dependence of Soret absorption spectrum of W7FW14F amyloid-forming apomyoglobin in the presence of heme. From the lower to the upper spectrum, pH is 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0. Spectra were recorded immediately after pH adjustment and corrected for the extent of aggregation that has occured during the time required for registration. Protein concentration was 8 3 10 À6 M. Hemin was added to protein at pH 4.0 in a molar ratio of 1:1. Figure 5 . Dichroic activity of heme in the Soret region. The spectra are referred to naturally expressed wild-type (light gray), reconstituted wildtype (gray), and W7FW14F reconstituted (black) myoglobins. Reconstituted holoproteins were obtained adding hemin to apomyoglobin at pH 4.0 and raising the pH to 7.0. Protein concentration was 8 3 10 À6 M. Hemin/ apomyoglobin molar ratio was 1:1. pellet, collected in the absence of heme, was less intense than that of the supernatant solution.
Direct structural information on the organization of the polypeptide backbone in the aggregates formed in the presence of heme was obtained from FTIR spectroscopy. The spectrum recorded 24 h after the beginning of the aggregation reaction performed in the presence of the prosthetic group is shown in Figure 8 . When heme is present, the spectrum maintains the typical b characteristics (Zandomeneghi et al. 2004 ), although with a shift of the amide I9 position from 1617 to 1627 cm À1 . However, both values are within the wavenumber range associated with the presence of the amyloid structure. The FTIR spectrum did not change in time even after 15 d of observation.
AFM was used to study the morphological features of the aggregates formed in the presence and in the absence of the prosthetic group. The images were recorded over a period of 15 d. Spherical aggregates predominated in the early aggregation times (0-1 h) both in the absence ( Fig.  9A ) and in the presence of heme (Fig. 9E ). The only detectable difference at this time is that the average height (i.e., diameter) of the aggregates formed in the absence of heme is lower than that of the samples incubated in the presence of the prosthetic group. After 2 d, pore-like (or annular) structures with a lateral diameter ranging between 100 and 500 nm appear only in protein aggregates grown without heme (Fig. 9B) , whereas the samples incubated in the presence of heme retain the same spherical structure observed at early times of aggregation. At later times (7-15 d), the spherical and annular structures disappeared almost completely ( Fig. 9C ) and mature fibrils were formed only in the absence of heme (Fig. 9D) , while granular structures were persistent in the sample aggregated in the presence of the prosthetic group (Fig. 9F) . These data indicate that the presence of heme inhibits the formation of amyloid fibrils.
The overall results indicate that the amyloidogenic apomyoglobin adopts, at the beginning of the aggregation process, a helical conformation able to bind the prosthetic group. Probably, the early stages of the aggregation consist of the association of helical monomers into oligomers with a subsequent structural transition resulting in the formation of b-strands, which later associate into a regular fibrillar structure. Such association does not occur when hemin is bound with a consequent inhibition of the amyloid fibril formation.
The different morphological properties shown by W7FW14F apomyoglobin aggregates formed in the presence and in the absence of heme prompted us to investigate the relationship between molecular features and toxicity of protein assemblies to cultured cells. The cytoxicity of W7FW14F apomyoglobin aggregates was evaluated by the MTT assay. Soluble prefibrillar oligomers have been implicated as the primary toxic species of amyloids; a decrease in reduced MTT levels is generally observed in the presence of these species, whereas fibrils have little or no effect (Booth et al. 1997; Kayed et al. 2003; Stefani and Dobson 2003; Sirangelo et al. 2004; Malmo et al. 2006) . In particular, we tested the toxicity associated with aggregates formed in the absence and in the presence of heme at the beginning of the aggregation process and after 15 d. The results are shown in Figure 10 . The MTT reduction level decreased significantly to 50% ( p < 0.001) compared with the control level by exposing the cells for 24 h to W7FW14F prefibrillar aggregates, whereas mature fibrils displayed no significant effect. Interestingly, the aggregates formed in the presence of heme were not significantly toxic for cells even in the early stage of the aggregation process. This was further confirmed by examining the cytotoxic effect of pellet and supernatant fractions separated immediately after the beginning of the aggregation process. Both fractions did not decrease the level of MTT reduction. Moreover, no effect was detected increasing the protein concentration in the supernatant fraction. This led us to conclude that the absence of toxicity could be related to the presence of a lower amount of soluble oligomers resulting from the faster aggregation kinetics. In conclusion, the presented data indicate that the amyloid-mediated cell toxicity is strictly related to the appearance of a basic toxic fold on the aggregation pathway. Probably, the heme inhibits the formation of the structural determinants that make the aggregates able to interact with cell components, such as membranes, and trigger the impairment of cell viability.
Discussion
Amyloid fibril formation is known to be driven both by hydrophobic and electrostatic interactions. ''In vitro,'' the process is generally initiated when the native state of a protein is slightly destabilized, originating partially folded intermediates that are more prone to aggregation. Fibril formation occurs after a defined period of time, called the lag time, during which protein monomers associate forming soluble oligomers. These oligomers serve as nuclei for fibril elongation (Booth et al. 1997; Bucciantini et al. 2002) . High-denaturant concentration does not favor the formation of protein aggregates, because denaturant-protein interactions prevent contacts among protein molecules. Similarly, the establishment of intermolecular interactions in strongly acidic conditions is avoided by the electrostatic repulsion among positively charged groups. Therefore, the in vitro formation of amyloid fibrils is favored in conditions in which partially folded conformations are populated (Uversky and Fink 2004) . Similarly, peptides or proteins that are natively unfolded need to adopt a partially folded conformation either before or during fibril assembly. This seems to happen in the formation of fibrils formed by the b amyloid peptide associated with Alzheimer's disease (Petkova et al. 2002; Torok et al. 2002) . More recently, Figure 9 . W7FW14F apomyoglobin fibrillization in the absence and in the presence of heme monitored by AFM. Scale on the right represents the height of pixels in the image. Aliquots of protein in the absence of heme were taken at 0 (A), 2 (B), 7 (C), and 15 (D) days from the beginning of the aggregation process. Aliquots of protein in the presence of heme were taken at 0 (E) and 15 d (F). Figure 10 . Cell viability of NIH-3T3 cells detected by MTT assay. The cells were exposed for 24 h to W7FW14F apomyoglobin aggregates formed in the absence (dotted) and in the presence (white) of heme. Aliquots of protein were taken immediately (A, B) and 15 d (C, D) after the beginning of the aggregation process. Data are expressed as average percent of MTT reduction 6 S.D. relative to cells treated with medium alone or medium plus heme. The values were obtained from three independent experiments carried out in triplicate. Protein concentration was 20 mM. a growing interest has been turned to the study of aggregation under experimental conditions not drastically different from the natural setting, in which proteins are initially in a native-like conformation (Plakoutsi et al. 2004; Marcon et al. 2005; Sambashivan et al. 2005) . The amyloid-forming W7FW14F apomyoglobin lends itself to structural studies for exploring the amyloid formation in a context similar to the physiological medium. In our early studies, we proposed that the pathway of apomyoglobin amyloid formation at neutral pH starts from a conformational state different both from the native and the wellcharacterized acidic partially folded state. In particular, we suggested that the apomyoglobin amyloid precursor could be a misfolded form possessing a high level of b structure (Sirangelo et al. 2002) . In the present study, we analyze the apomyoglobin aggregation in the earliest stages of the process. The results show that the conformational state of the amyloid-forming apomyoglobin at physiological pH presents, at the beginning of the aggregation process, only minor structural modifications compared with the native form of the wild-type protein. This was probed by examining the time dependence of far UV CD activity, FTIR spectroscopy, Soret absorption, and Soret rotational strength. The following similarities at pH 7.0 between amyloid-forming apomyoglobin and wildtype protein were detected: (1) the content of helical structure is quite similar, i.e., 56% and 65%, respectively; (2) the amide I9 maximum in FTIR spectra is positioned at 1647 cm À1 , a wavenumber typical of helical structures, (3) both proteins bind the prosthetic group with similar spectroscopic properties. Despite these similarities, the W7FW14F apomyoglobin rapidly aggregates forming amyloid fibrils.
The question arises whether aggregation of the amyloidforming apomyoglobin under physiological conditions starts from a native-like conformation or via partially unfolded states in rapid equilibrium with the native-like structure. It has been reported by Dobson and coworkers (Fandrich et al. 2003 ) that amyloid fibril formation of wild-type apomyoglobin does not correlate with the presence of partially folded species. On the other hand, there are examples in the recent literature that natively folded states are a precursor for amyloid formation (Bousset et al. 2002 (Bousset et al. , 2003 Laurine et al. 2003; Plakoutsi et al. 2004) . Fibril maturation has been shown to involve the early formation of ring-shaped protofilaments, from which mature fibrils emanate. Annular structures have been detected during fibril maturation of both amyloid disease-associated and unassociated proteins (Lashuel et al. 2002b (Lashuel et al. , 2003 Relini et al. 2004 ). The formation of ring-shaped structures has been reported to be an indicator of persistence of native-like regions during fibril formation (Malisauskas et al. 2003) . In this respect, the observation that W7FW14F apomyoglobin forms ringshaped structures during its fibrillization suggests that the protein could aggregate through a native-like conformation.
Recently, Chow et al. (2003) reported that the 1-36 N-terminal fragment of wild-type apomyoglobin displays a high level of b-structure and forms macroscopic aggregates when the pH gets closer to neutrality. The W!F substitutions at positions 7 and 14 certainly contribute to increase the hydrophobicity and the b-propensity of the N-terminal region (Sirangelo et al. 2004) , thus making the protein more prone to aggregate under physiological conditions. Moreover, a recent report showed that the mutations that play a critical role in the rate-determining step of apomyoglobin aggregation are those located within the N-terminal region of the molecule ). These observations strongly suggest that aggregation of W7FW14F apomyoglobin could occur through the association of the N-terminal regions of natively folded molecules.
In the W7FW14F apomyoglobin amyloid aggregation, the starting point is the protein folded in a native-like conformation and the end point is the same protein aggregated and forming a cross-b-structure. However, it may not be excluded that the starting point is a partially non-native state as it could be suspected by the observed differences in the Soret spectral properties and far UV CD. The first step could involve an amyloidogenic form constituted by a native-like or partially non-native structure with a high tendency to form intermolecular b-sheets. Small oligomers are formed during the lag phase, which can be detected with thioflavin T assay (Sirangelo et al. 2004 ); then they convert into protofilaments and, finally, into mature fibrils. If heme is present, fibril maturation does not occur, although apomyoglobin aggregates show an FTIR spectrum consistent with the presence of b structure. Amide I9 components occur in the wavenumber range from 1600 to 1700 cm À1 and arise primarily from stretching vibration of main-chain carbonyl groups. Thus, this technique may provide direct structural information about the spatial orientation of the polypeptide backbone. It has been reported that the wavenumber range of amide I9 components of amyloid fibrils extends from 1611 to 1630 cm À1 , whereas that of native b-sheet globular protein is comprised from 1630 to 1643 cm À1 (Zandomeneghi et al. 2004 ). These differences have been ascribed to a different distribution of u/f dihedral angles, the average number of strands per sheet, and the b-sheet twist. Surprisingly, thermally induced nonfibrillar aggregates as well as inclusion bodies display infrared spectra with amide I9 maximum in the amyloid region (Jackson and Mantsch 1991; Fink 1998 ). However, the differences detected for apomyoglobin aggregates formed in the presence and in the absence of heme, i.e., 1617 versus 1627 cm À1 , although in the same range, could be related to the occurrence of structural modifications between the two aggregated states.
The general picture emerging from these data indicates that the double mutation W!F changes the physicochemical characteristics of the N-terminal region of the molecule, making the native state of the protein prone to aggregate. The binding of the prosthetic group inhibits the formation of mature fibrils, probably avoiding that the specific region making up the core of the fibrils could form intermolecular interactions. It is well known that the interaction of heme with apomyoglobin strongly stabilizes the native structure, particularly the E and F helices (Sirangelo et al. 2000) . We have recently identified, by H/D exchange followed by limited proteolysis (G. Infusini, C. Iannuzzi, S. Vilasi, L. Birolo, D. Pagnozzi, P. Pucci, G. Irace, and I. Sirangelo, unpubl.) , that A, B, E, and part of D and G participate in the formation of the amyloid fibril core. This led us to hypothesize that the mutations introduced in the N-terminal region are responsible for the increased propensity to aggregate and that other molecular regions, especially the E helix, are involved in fibril elongation.
An accumulation of evidence has led to the hypothesis that the oligomeric precursors mediate cell dysfunction and cell death in degenerative diseases associated with protein misfolding, whereas the fibrillar forms of misfolded proteins are much less toxic or inert (Lambert et al.1998; Hartley et al. 1999; Bucciantini et al. 2002; Lashuel et al. 2002a; Stefani and Dobson 2003; Sirangelo et al. 2004; Malmo et al. 2006 ). The common pathogenic mechanism, shared by the oligomeric forms of both amyloid diseaseassociated and nonassociated proteins, has been suggested to be intimately related to their similar molecular organization. A demonstration came from the finding that an oligomer-specific antibody, which recognizes micellar Ab and not Ab fibrils, also recognizes soluble oligomers of other amyloidogenic proteins and peptides (Kayed et al. 2003) . The aggregates formed in the presence of heme are not toxic for cells, even in the early stage of the aggregation process, different from that detected in the absence of heme and in the case of other amyloidogenic proteins. At present, it is hard to find an explanation for this result. Recently, Singer and Dewji (2006) proposed that the common molecular structure responsible for the toxicity of the early oligomeric aggregates of amyloidogenic proteins and peptides is the cylindrically wound double-b-stranded subunit that Perutz et al. (2002) derived from the X-ray diffraction studies of polyglutamine fibers. This structure interacts with cell membrane, forming a water-filled channel of about 15 nm in diameter, large enough to permit the diffusion of small ions. On the other hand, native-like assemblies of yeast prion Ure2p retaining the a-helix content of the soluble monomer have been recently reported to be highly toxic to cultured cells (Pieri et al. 2006) .
The observations reported in this paper add new insights into the complex relationship between structure and pathogenic activity, showing that apomyoglobin aggregates with rather similar secondary organization can have different biological effects. Thus, the cytotoxic effect is not due to nonspecific reactions caused by aggregated protein, but it is strictly related to the formation of a basic toxic fold able to interact with cell membrane.
Materials and methods

Protein purification and assembly into oligomers and fibrils
Wild-type and W7FW14F mutant myoglobin were expressed and purified essentially as described elsewhere (Sirangelo et al. 2002) . Briefly, proteins were expressed in the Escherichia coli M15[pREP4] strain as amino-terminal His-tagged forms and purified via affinity chromatography on Ni 2+ -nitrilotriacetic acid resin (Qiagen). The wild-type myoglobin was expressed in soluble form and purified under native conditions. The heme was removed by the 2-butanone extraction procedure (Teale 1959) . The W7FW14F mutant was sequestered into insoluble inclusion bodies and purified under denaturing conditions. Refolding was achieved by removing denaturant by dialysis against 10 mM NaH 2 PO 4 , 10 mM C 2 H 3 O 2 Na (pH 2.0), containing decreasing concentrations of urea. The pH of the protein solution was then adjusted at the desired value, depending on different experimental conditions. Protein concentration was determined under denaturing conditions and absorption was measured at 280 and 275 nm for wild-type and mutant apomyoglobin, respectively. The molar extinction coefficients, calculated from tryptophan and tyrosine content (Edelhoch 1967) , were e 280 ¼ 13,500 M À1 cm À1 and e 275 ¼ 3750 M À1 cm À1 . The assembly into fibrils was achieved by raising the pH of a 40-mM protein solution to 7.0.
Spectroscopic measurements
CD spectra were recorded at 25°C on a Jasco J-715 spectropolarimeter using thermostated quartz cells of 0.1 cm and 1-cm path length for far and near-UV, respectively. Spectral acquisition was taken at 0.2-nm intervals with a 4-sec integration time and a bandwidth of 1.0 nm. An average of three scans was obtained for all of the spectra. Photomultiplier absorbance did not exceed 600 V in the spectral region analyzed. Data were corrected for buffer contributions and smoothed using the software provided by the manufacturer (System Software version 1.00). All measurements were performed under nitrogen flow. Protein concentration was 20 3 10 À6 M for far-UV and 4 3 10 À6 M with a hemin/protein molar ratio of 1:1 for near-UV measurements. The results were expressed as mean residue ellipticity [Q] MRW in units of degree cm 2 dmol À1 . A mean residue weight of 115 was used for the peptide chromophore. Protein secondary structure estimation was performed using CDPro software, which contains three software packages, i.e., CDSSTR, CONTIN/LL, and SELCON3 (Sreerama and Woody 2000) . The secondary structure percent contents reported are the arithmetic means of the estimates obtained from each program.
Soret-region absorption spectra were recorded at 25°C on a Jasco V-550 double-beam spectrophotometer. Protein concentration was 8 3 10 À6 M with a hemin/protein molar ratio of 1:1.
FTIR spectroscopy
FTIR spectra were recorded on a Multiscope FT-IR Microscope coupled with a Spectrum One spectrometer (Perkin Elmer). The FTIR spectra in transmission mode were collected (4000 cm À1 -600 cm À1 range) at a resolution of 4 cm À1 with 16 accumulations per run. For each spectrum, signals corresponding to the water and CO 2 vapors were automatically subtracted and the baseline corrected.
Spectra were recorded with dry samples of W7FW14F apomyoglobin obtained through repeated cycles of lyophilization and dissolution in D 2 O at a concentration of 40 mM.
Atomic force microscopy
Tapping mode AFM in air was performed by using a Solver Pro Scanning Probe Microscope (NT-MDT, Moscow, Russia). Rectangular silicon cantilevers 100-mm long with resonant frequencies in the range of from 190 to 325 kHz and a nominal force constant between 5.5 and 22.5 N/m (typical 11.5 N/m) were used. AFM images with a size between 5 and 15 mm were recorded at a scan rate below 1 Hz with 256 3 256 pixels per image. The cantilevers had integrated tips with a curvature radius of 10 nm and a tip cone angle <220.
The W7FW14F apomyoglobin samples were diluted to a concentration of 50 nM in 2 mM MgCl 2 . Immediately afterward, 10-20 mL of protein solution were deposited onto freshly cleaved ruby mica. The sample was incubated for 2 min, rinsed with water, and blown dry with nitrogen at 0.5 bars.
Cell culture and incubation with protein aggregates NIH-3T3 cells (mouse fibroblasts, American Type Culture Collection) were cultured in Dulbecco's modified eagle's medium high glucose supplemented with 10% bovine calf serum and 3.0 mM glutamine in a 5.0% CO 2 humidified environment at 37°C. A total of 50 units/mL penicillin and 50 mg/mL streptomycin were added to the medium. The cells were plated at a density of 100, 000 cells/well on 12-well plates in 1 mL of medium. After 24 h, protein samples were added to the cell medium at a final concentration of 20 mM in culture medium. Cells incubated with culture medium without protein served as control. The morphological characteristics of aggregates were checked by AFM before the addition to the cell medium.
MTT assay
Cell viability was assessed as the inhibition of the ability of cells to reduce the metabolic dye MTT to a blue formazan product (Hansen et al. 1989) . After 24 h of incubation with protein samples, cells were rinsed with PBS. A total of 100 mL of a stock MTT solution (5 mg/mL in PBS) was then added to 900 mL of DMEM without phenol red, containing 10% bovine calf serum/well, and incubation was continued for an additional 3 h. The medium was aspirated, and cells were treated with isopropyl alcohol-0.1 M HCl for 20 min. Levels of reduced MTT were determined by measuring the difference in absorbance at 570 and 690 nm. Data are expressed as average percent reduction of MTT with respect to the control 6 S.D. from three independent experiments carried out in triplicate. For statistical analysis, a two-tailed Student's t-test with unequal variance at a significance level of 5%, unless otherwise indicated, was used.
